Introduction
Textile as clothing is an integral part of human beings and plays the primary role of protecting the body against unsuitable environments by avoiding mechanical, thermal, and chemical damages and maintaining thermal balance, which means the clothing needs to be sensitive enough to the environment and generate a reasonable thermal microenvironment around the body to help it deal with the external weather conditions. The exchange of heat follows a distinct phenomena of simultaneous conduction, convection, and radiation. Heat transfer through conduction and radiation has been well understood and documented [1] [2] [3] [4] [5] [6] . However, convective heat transfer through the fabric is difficult to model as there are no exact solutions for porous material under heat convection as well as the limited research work in this area [7, 8] . The main problem faced in heat convection is the calculation of heat transfer coefficients or the Nusselt number. 
where h is heat transfer coefficient, q is heat flux, ∆T is temperature difference, λ is thermal conductivity, x is thickness of sample, Nu is the Nusselt number, Re is the Reynolds number, Pr is Prandtl number, and C, m, and n are constants. However, these solutions are valid only for a specific set of conditions. So for every new situation, a new set of empirical coefficients has to be designed [9] .
Beithou [10] studied the effect of the porosity of the porous medium on the Nusselt number for natural convection and reported that with the increase in the porosity, there is a linear increase in the Nusselt number. Hatch [11] confirmed that fabric structural features, not component fibers, are the most important controllers of thermal dissipation. Moreover, heat transfer is highly related to fabric thickness, bulk density, and the air volume fraction. On the other hand, numerical method has been widely used in every area due to its reliable accuracy and flexibility for both realistic and ideal conditions, and more detailed information. Bhattacharjee [8] studied the heat transfer coefficient of fabric under natural and force heat convection by numerical simulation. He found that the values from numerical simulation had a good agreement with the experimental values; however, the fabrics in their numerical simulation were taken as flat plate without pores.
Therefore, in this work, numerical simulation is applied to investigate the local temperature distributions, local heat flux distributions, local/average heat transfer coefficients, and local Nusselt numbers of fabrics taken as plate and porous material under conductive and convective heat transfer.
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Numerical simulation, fluid flow, heat transfer, heat convection, heat transfer coefficient below fabric were 30 mm × 4 mm×2 mm in length, width, and height. Therefore, the coordinates of geometric domain were X (0, 30), Y (0, 4), and Z (-2, 4.8). The mesh quality of geometric models was evaluated by two parameters, which were minimum orthogonal quality and maximum aspect ratio. The minimum orthogonal qualities of simulation 1 and 2 were over 0.99 and the maximum aspect ratios were around 7.56, which mean the mesh qualities were very high. The minimum orthogonal quality and maximum aspect ratio of simulation 3 were 0.28 and 15.6, which mean the mesh quality was also good enough. The materials used were air as fluid and polyester as solid. The properties of air and polyester are given in Table 1 .
In order to simulate different conditions of human-clothingenvironment, three kinds of simulation were carried out. Simulation 1: the fabric was taken as a plate and contacted with human body Simulation 2: the fabric was taken as a plate having an air gap between human body and fabric, and the air flow below fabric was stagnant 
Physical model, boundary conditions, governing equations and numerical method
In real conditions, the human-clothing-environment system under heat convection is very complicated, depending upon the temperature of the environment, the clothing structures, and the contacting area between human body and cloth. This is especially true for the clothing structures, which are variable in terms of patterns, pore size, porosity, thickness, and so on. Due to the difficulties in generating complex structures by a software program, thereby, the structure of fabrics was simplified to flat plate and flat porous plate, which somehow could reflect the heat transfer mechanism through fabrics under heat convection. Therefore, the simplified 3-D geometric model consists of flat polyester fabric and air flow, which is shown in Figure 1 . In order to save the computation time, the dimensions of polyester fabric were 30 mm × 4 mm ×0.8 mm in length (x direction), width (y direction), and height (z direction), and the dimensions of air flow above fabric were 30 mm × 4 mm × 4 mm in length, width, and height, the dimensions of air flow Simulation 3: the fabric was taken as a porous plate having an air gap between human body and fabric, and the air flow below the fabric can freely move. The pore's diameter was 1 mm, and the distance between two pores was 2 mm.
According to the objective of simulation, the boundary conditions were given: the temperature contacting with human body was 310 K and the temperature of air flow above the fabric was 273 K at a speed of (5 m/s). From the above known information, the following useful information for simulation can be obtained:
The Mach number
The total pressure
The pressure drop
The governing equations for calculation are given as follows. The heat conduction equation for the solid part is:
The mass, momentum, and energy equations as well as the ideal gas equation of state are given by
where I is the unit tensor.
The partial differential equations governing the problem are reduced to a system of algebraic equations using finite volume procedure. The discretization of the convective and diffusive fluxes across the control surfaces is modeled using the QUICK scheme and the pressure-velocity coupling is handled with the SIMPLE method. The convergence criterion is that the residual variations of the mass, momentum, and energy conservation equations become less than 10 -7 .
Results and discussions

Temperature distribution in xz-plane
The temperature distributions (TD) and heat flux distributions (HFD) in xz-plane at y = 2 mm are given in Figure 2 . The temperature gradually decreased from the bottom of geometric model (human skin) to the top of air flow, the temperature decreased along the cross-section of fabric and the temperature of air increased in the near region of fabric surface, which indicated that the heat conduction and heat convection were coupled numerically. In addition, the temperatures of fabric and air close to the air flow inlet (left side of figures) were lower than the temperatures close to the air flow outlet due to the cooling effect of cold air flow. And the temperature distribution of simulation 3 was quite different with the other simulations due to the existence of pores where the cold air flow can go through. at the beginning, which is due to the air flow moving much faster than the heat transfer rate by conduction. In the region of air flow above the fabric, the temperature distributions were almost the same.
The temperature distributions in xz-plane at y = 2 were compared in Figure 2D . For simulations 1 and 2, the temperatures were decreasing gradually in the near the region of bottom (skin), but for simulation 3, the temperature was decreasing dramatically The local Nusselt number is given by
Nu h x λ =
Substituting equation (12) into equation (13), then the local Nusselt number is given by skin air
On the other hand, the Nusselt number is one function of Reynolds number (the ratio of inertial force to viscous force) and Prandtl number (the ratio of molecular diffusivity of momentum to molecular diffusivity of heat), which can be expressed generally by equation (1) . But for particular situations, the constants of C, m, and n are always different. And for flat plate in laminar flow, the Nusselt number can be obtained by [9] The heat transfer coefficient and Nusselt number are given in Figure 6 . Normally, the relationship between Reynolds number
Temperature distribution and heat flux distribution on the fabric surface
The temperature distributions and heat flux distributions on the fabric surface are given in Figure 3 . The temperatures of fabric surfaces from the air inlet to air outlet kept increasing due to the lower temperature of moving air. In contrast, the heat fluxes kept decreasing. For simulation 3, the temperature distribution and heat flux distribution had the same trend with simulations 1 and 2, but the local temperature and heat flux were quite different due to the difference of fabric structure and the air flow motion. And the air flow motion of simulation 3 is given in Figure 4 .
A clearer comparison of temperature and heat flux distributions on fabric surface is given in Figure 5 . The temperatures of simulations 1 and 2 increased as the distance increased since the cold air flow was cooling the fabric surface, as well as heating by the fabric surface at the same time. Therefore, the cooling effect of air flow was reduced as the distance increased, and then the temperature was higher as the distance increased. For simulation 3, the temperature and heat flux distributions were different at y = 2 (the middle line of fabric surface) and y = 3 (the middle line of pores on the fabric surface) due to the air flow motion. The temperature increased first, and then decreased at y = 2 since the air flow below the fabric had more intense cooling at the outlet (as shown in Figure 4) . The temperature had a cyclical fluctuations at y = 3 since the cold air flow went through the regular solid-pore structure of the fabric. With respect to the heat flux distribution, the higher temperature was corresponding to the lower heat flux.
Comparison of heat transfer coefficient and Nusselt number
In order to obtain the heat transfer coefficient of fabric under heat convection, the temperature gradient and heat flux are In addition, the average heat fluxes through the fabrics were obtained by area-weight average method. There were 1346.9 W·m -2 , 342.3 W·m -2 , and 2520.4 W·m -2 for simulation 1, simulation 2, and simulation 3, respectively. Then, the average heat transfer coefficients of simulations were 36.4 W·m -2 ·K -1 , 9.25 W·m -2 ·K -1 , and 68.12 W·m -2 ·K -1 , respectively. Therefore, the thermal insulation of fabric will be much better when there is an air gap between the fabric and the skin. The porosity will have a negative effect on thermal insulation when air flow has motion and penetrates the fabric.
and Nusselt number should be presented, but in this paper, the distance is given instead of Reynolds number since the Reynolds number is one function of distance, and the aim of this paper is to investigate the distribution of Nusselt number on the fabric surface. The heat transfer coefficients and Nusselt numbers from simulation 1 had a very good agreement with the results from equation (15) (as shown in figure 6) since this model was derived from the geometry model of simulation 1. It also indicated that the simulation process and results were correct and reliable. But the heat transfer coefficients and Nusselt numbers from simulation 2 were much lower than the results from model due to the very low thermal conductivity of air gap, which slowed down the heat transfer rate. The heat transfer coefficients of simulation 3 at y = 2 had a general decreasing trend and had a small fluctuations around the values from model. The fluctuation of results is due to the different heat transfer rates of heat conduction through fabric and the heat convection by air flow. The heat transfer coefficients of simulation 3 at y = 3 had a similar trend with simulation 3 at y = 2, but the values were much higher than the values from the 
Conclusions
The heat transfer coefficient and Nusselt number of fabrics in different conditions under heat convection was investigated numerically in this work, and some conclusions can be drawn based on the results,
(1) The numerical simulation of flow and the conjugate heat transfer through the fabric can be an accurate and reliable method depending upon the good agreement between the simulation results and a well-known analytical model. (2) The stagnant air gap will be helpful for increasing the thermal insulation, but the open-structure pores will have a negative impact on increasing thermal insulation. (3) The local heat transfer coefficients and Nusselt numbers of porous fabrics have a big difference, and the skin would have different thermal conduction at different local areas. In addition, more work is needed to be done in order to investigate the effect of pore size, pore's distribution, the angle between the air flow and the fabric, and the air flow velocity on the thermal insulation of the fabric.
